SUMMARY
The object of these experiments is to extend certain investigations by Faraday which have been the subject of much controversy. They concern the relations between a cylindrical magnet spinning about its axis and the currents and forces set up thereby in a neighbouring conducting circuit, of which the magnet may or may not form a part. The similarity between cylindrical magnets and solenoids is examined, as well as the effect produced by one spinning magnet upon another. The bearing of these experiments upon the laws of electromagnetic induction is explained, and certain special experiments on this subject are included. The conclusions reached are given in Section (15); and in an Appendix some practical applications are described.
At the beginning of 1832, Michael Faraday did a series of experiments on the "Evolution of Electricity from a Revolving Magnet." From his work of 1831 he had already concluded that " whenever a closed conductor moves near a magnet in such a manner as to cut across the magnetic curves, an electric current flows in the conductor," and this idea was clearly in his mind when he examined the case of the cylindrical bar magnet. To explain the present investigations, it is necessary first to summarize Faraday's experiments and conclusions.
FARADAY'S WORK
In Fig. l(a) is shown a copper disc revolving near one end of a stationary cylindfical magnet. Magnet and disc are coaxial, and Faraday foundf that under these conditions a current flowed when the circuit was closed by a wire joining the stationary collectors at the centre and edge of the disc. Fig. l(b) shows a modification in which the disc is insulated from the end of the magnet but rotates with it. In this instance the current was in the same direction as in Fig. l(a) , polarity and rotation remaining the same; moreover, as nearly as he could tell, the magnitude of the current was also about the same. He next used a copper cylinder with one end closed, surrounding, but insulated from, one half of the magnet. A circuit was completed by contacts at the open edge of the cylinder and at the centre of the cap; and when the magnet and cylinder rotated about their common axis the galvanometer showed a current in the same direction "as if the magnet had remained stationary and the cylinder had revolved round it."
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Finally,! the copper cylinder was removed and the circuit completed between sliding contacts arranged at the axis and equator of the magnet. On revolving the latter, a current again flowed " as if a cylinder or a single conductor had revolved in the same direction around the stationary magnet." " Thus," says Faraday, " a singular independence of the magnetism and the bar in which it resides is rendered evident."
This comment evidently implies a belief that the " magnetic curves " remain stationary while the magnet spins, and that the relative motion between curves and conductor takes place within the magnet itself. The alternative possibility of a flux of curves rotating with Fig. 1 the magnet, and of relative motion between them and the stationary connections, is never mentioned by Faraday; indeed, he gives no details of the position of his connections at all. But he does Show that if the contact at the equator of the magnet is moved nearer to either pole, a diminution of the current ensues. Moreover, in defining the direction of the current, significant words occur which give a further clue to his views, for he says: " If the magnet be held parallel to the axis of the earth, with its unmarked pole directed to the pole star, and then rotated so that the parts at its southern side pass from west to east, then positive electricity may be collected at the extremities of the magnet and negative electricity at or about the middle of its mass."| These words confirm the opinion that Faraday supposed the magnetic curves t o stand still when the magnet revolved, for only under those conditions could charges be produced on the magnet.
THE PROBLEM TO BE INVESTIGATED Sufficient has been said to indicate the nature of the question raised by these experiments. The magnetic curves or tubes of induction are an arbitrary convention devised to explain the phenomena of electromagnetic induction. Relative motion between them and a conductor is used to explain the production of an e.m.f. In the "evolution of electricity from a revolving magnet" how does that relative motion take place ? Shall we say that the revolving magnet cuts through its own stationary tubes, or that these tubes rotate with the magnet and cut the stationary connections which complete the circuit ? Faraday inclined to the former view, but his experiments may be interpreted on either hypothesis. Naturally, the matter has not escaped discussion, but no definite conclusion has been reached, and authors of repute contradict one another as to the view that the student should take. This is shown by the bibliography attached to this paper. The whole controversy, indeed, has been raised anew by the papers read before the British Association (Section G) in 1933 and 1934, and articles upon its theoretical aspects are still appearing. In the opinion of the present authors, experimental proofs are the only guide in such matters, and therefore, avoiding as far as possible disquisitions upon theory, the following experiments which they have recently carried out are put forward as evidence which will always be of use in any future discussion of the problem. Further, as from all such experiments practical applications invariably arise, a few suggestions, which may be of special interest to teachers, are given in an Appendix.
(1) NEW EXPERIMENTS It is obvious that, with the magnet and disc of On trying (c) it was found (as expected) that no current was produced.
(2) VERIFICATION OF FARADAY'S RESULTS The next step was*to verify Faraday's final experiments. For this purpose the apparatus shown in Fig. 2 was made. I t embodied a cylindrical cobalt-chromium steel bar, symmetrically magnetized, 8-25 in. long X 0-65 in. diameter, the surface being ground smooth and parallel. This magnet was fitted with a fibre pulley and ran between brass centres. Contact could be made at any point on the cylindrical surface by means of a flexible, hard brass strip. The conductors to the galvanometer were arranged in the manner shown, so that the circuit could at any time be defined geometrically. From the points Y and Z a pair of flexible conductors twisted together led to the galvanometer.
With this device, Faraday's observations on the direction of the currents were confirmed. The maximum deflection at a given speed was registered with the galvanometer connected from the equator to the centre at one end. If the latter contact is left connected to the galvanometer, and the rubbing contact is moved in steps along the surface of the magnet from one end to the other, the deflection given is a minimum when the movable contact is at either end, and a maximum a t the equator. The most rapid falling-off occurs near the ends. Points equidistant from the equator and on either side of it give equal e.m.f.'s in the same direction for a given direction of rotation. In fact the two bearing centres are interchangeable, and the rubbing-contact position is also interchangeable with its corresponding position on the opposite side of the equator, in respect of both the magnitude and direction of the generated e.m.f. E.m.f.'s are directly proportional to angular velocity of rotation and reverse with direction of rotation. No current flows in the galvanometer when any two points situated at equal distances from the equator of the spinning magnet are connected together. A curve showing these facts, taken with another magnet, is given in Fig. 7 . Fig. 2 (3) GEOMETRY OF EXTERNAL CIRCUIT In the foregoing experiments, the position of the conductors to the galvanometer was definite for any test. I t was also found that the position of the cross-bar X on the uprights had no effect on the e.m.f., no matter at what points the contact with the magnet was made. I t was shown that no importance need be attached to the orientation of the conductors with respect to the magnet, by holding the flexible leads in the hands and touching them on the required points on the magnet, whereupon the same galvanometer deflections were obtained as by connecting to those points via the orthodox circuit of bars.
(4) EFFECT OF STRAY FIELDS By spinning a brass cylinder in place of the magnet, it was shown that the effect of stray fields, including the the earth's field, was negligible. Thermo-electric effects were also negligible. 
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a part of the circuit to the galvanometer, the disc being fixed. The figure requires little explanation. The circuit was from the galvanometer to J, through the vertical rod and horizontal copper disc. Brushes G 1 and G 2 rubbed on the underside of the disc, and were adjustable along brass arms attached to a collar D. This collar was so arranged that it was insulated from and could rotate about the upper end of the magnet. A brush A rubbing on the collar completed the circuit to the galvanometer. Thus the portion of the galvanometer circuit from G to A could be rotated: either or both of the brushes G could be used, at various distances from the axis. The magnet could also be spun independently: brushes K and B made contact with the magnet when required.
The following tests were then carried out:-(i) Magnet stationary and arm rotating, (ii) Magnet and arm rotating together. (iii) Magnet and arm rotating independently, in the same or in opposite directions.
In all these tests the radius to the brush arm was constant, and only one brush was used. It was shown that the e.m.f. generated depended solely on the angular velocity of the arm, to which it was directly proportional. Whether the magnet rotated (in either direction), or remained stationary, made no difference. The direction in which the current flowed was such as it would be if the e.m.f. producing it were set up by the intersection of the arm and a stationary flux.
When the magnet was rotated, an e.m.f. naturally appeared between K and B. By joining A to K and connecting the galvanometer to J and B, it was possible to measure the combined e.m.f.'s of arm and magnet, a whole range of combinations of rotation of arm and magnet being available. Every test showed that the e.m.f. in the circuit between J and A depends solely for a given brush position on the angular velocity of the arm, while that between K and B is proportional to the angular velocity of the magnet.
(6) THE SIMILARITY BETWEEN A PERMANENT
MAGNET AND A SOLENOID A similarity between the behaviour of a solenoid and a permanent magnet has always been recognized, but there seems to have been no attempt to prove that e.m.f.'s similar to those set up in the body of a magnet could be produced by a rotating solenoid. Moreover, so far as the question of the movement of the magnetic flux is concerned, the condition within a solenoid is different from that in a magnet, since the former contains no magnetic material to which the tubes of induction could possibly be attached. In many physics textbooks the statement is made that the tubes of induction may be supposed to be attached to the material of the magnet. With the object of examining this relationship, the apparatus shown in Fig. 4 was constructed. This shows a solenoid C consisting of 20 turns of insulated rectangular copper wire mounted upon an insulating cylinder D. The ends of the solenoid are fixed to a brass cap A at one end and to the brass cap and pulley H at the other. The bakelite pulley J is fixed to the brass plate K by two screws M, and the screws L lock this to H when required. When screws L are withdrawn, J can be used as an independent drive for a core E. Supported by H and A, but completely insulated from them, is a brass cylinder B To Galvanometer Fig. 4 upon which the brushes P and R impinge. The positions of P and R are adjustable in the slotted frame. The whole cylinder is mounted between centres Nj, N 2 , as shown. With this arrangement, the screws L being in place, the solenoid C and cylinder B can rotate with the core E, exciting current passing through N 1# K, L, H, C, A. and N o . When the screws L are withdrawn, E becomes independent of C, the former being driven by J and the latter by H, the exciting current then passing through Q, C, A, and N 2 .
Many different test conditions were thus rendered possible. With reference to the core, the solenoid could be run:- As regards relative motion of solenoid and core, four combinations were available:- The following is a brief summary of the results obtained.
C R A M P A N D N O R G R O V E : I N V E S T I G A T I O N S O N T H E
(A) Tests with no core in the solenoid showed that:-(i) An electromagnet behaves in a similar manner to a permanent magnet as regards an e.m.f. set up in a circuit connecting points along its length, in that:-(ii) E.m.f.'s are directly proportional to angular velocity.
To galvo. (iii) The e.m.f. between any two points reverses with reversal of rotation, being the same in magnitude in either direction for the same speed.
(iv) If one brush is fixed and the other moves along the length of the solenoid, the e.m.f. changes with brush position, though not in exactly the same way as for the permanent magnet, as is more fully explained later.
(B) Tests with the soft-iron core gave similar results, with the additional fact that rotation or non-rotation of the core had no effect upon the readings. The relative motion of the cylinder and the external circuit between it was only the rotation of the cylinder that fixed the generated e.m.f. for a given set of conditions. A stationary cylinder and a rotating magnet showed no e.m.f. in the galvanometer circuit.
(D) Tests with the iron core and with the air core showed that at a given speed and brush position the generated e.m.f. was nearly proportional to the exciting current. The iron core evidently did not reach saturation.
With a solenoid an experiment may be carried out that is impossible with a solid magnet, viz. the measurement of the e.m.f. within. Fig. 5 shows the apparatus used for this test. It consists of a solenoid F wound upon a brass cylinder E, capable of turning in external bearings when driven by the fibre pulley H. Current is fed into the solenoid by slip-rings and brushes A, C, and B, D. One end of the galvanometer is connected to a brass brush M bearing upon an extension of the cylinder, while the other end makes contact with any desired point on the inside of the cylinder by means of the brush L. The readings taken in this manner were found to be in all respects similar to those obtained when outside contacts were used, as in Fig. 4 .
In all tests with these solenoids, with either external or internal contacts, altering the geometry of the leads to the galvanometer had no effect upon the e.m.f. The. solenoid shown in Fig. 6 was wound. Its outside dimensions corresponded very closely with those of a permanent magnet with which it was compared, and its ampere-turns were arranged to be as close to its cylindrical shell as possible, to simulate in some measure the amperian circulating currents which on Stokes's theorem might exist in a magnet. The exciting current was supplied through the slip-ring and centre on the left. Fig. 7 is drawn so as to contrast the distribution of the Pulley here the brushes alone fixed the generated e.m.f. for a given brush position, exciting current, and angular velocity of the solenoid. If the cylinder remained stationary and the iron bar rotated, no e.m.f. appeared in the galvanometer circuit. The brass bar was equivalent to the air core., and gave identical results. (C) Tests in which the solenoid windings were not used, and the core was a permanent magnet, showed again that flux in the magnet and the solenoid respectively. The abscissae are the distances from the equator in each case, while the ordinates are galvanometer deflections. The flux in the solenoid is far smaller than that in the magnet; indeed, so great is the amperian circulation in a permanent magnet that it is impossible to wind a solenoid of the same dimensions to give anything like the same effect. The actual flux in the magnet was derived by spinning the •-revs, per sec. This was checked by the usual fluxmeter method, the results being:-By fluxmeter, <D = 6 526 maxwells By rotation, <J> = 6 566 maxwells The difference is 0 • 6 per cent, and is almost certainly due to the difficulty of exact speed measurement.
Adopting the figure 6 526, it will be seen that in Fig Fig. 7 , however, shows the comparative distribution very clearly, and since the solenoid curve is produced by uniform ampere-turns per cm length it is clear that the equivalent circulation in the magnet is piled up towards the equator. This may be due to the attraction which must exist in the iron between neighbouring parallel electronic orbits. It is easy to show this effect by suspending a number of copper rings at equal distances about the axis of an air-cored solenoid. When the winding of the latter is excited by an alternating current, the rings redistribute themselves in a manner which corresponds roughly to the circulation indicated by the broken line of Fig. 7. (8) TORQUE BETWEEN MAGNET AND DISC A light copper disc was suspended symmetrically over a permanent magnet rotating about a vertical axis, and a sheet of paper was interposed between the two to exclude air-drag effects. Rotation of the magnet did not cause any corresponding twist of the disc.
(9) ASYMMETRICAL CIRCUITS So far, the whole of the tests have been carried out on discs and moving conductors symmetrically placed with respect to the magnet. The question next arose as to whether a lack of symmetry would lead to the induction of currents by a spinning magnet. Fig. 8 shows in (a) , (b) , and (c), three cases of asymmetric arrangement. In none of these cases did rotation of the magnet have any effect upon the disc, (d) shows an attempt to detect by means of thermocouples any heating effect that might occur due to eddy currents. C was a double layer of tinfoil, arranged in the form of an irregular cap over the top of the magnet, and packed in cotton wool. Thermocouples A and B, arranged differentially, were intended to reveal any difference of temperature between the tinfoil and the surrounding cotton wool arising out of eddy currents in the tinfoil. No such effect was observed, though the magnet was spun at about 800 r.p.m. for 2 hours.
(10) ELECTROSTATIC CHARGE ON THE SPINNING MAGNET Since proposals have been made from time to time that the electrostatic charge supposed to exist on a spinning magnet should be measured,* a series of attempts was made, of which the following is a summary:-Using a Dolezalek Electrometer.
The electrometer had its needle charged and one pair of quadrants earthed, the other pair of quadrants being connected to the end of the revolving insulated magnet by means of a straight wire 6 ft. long, arranged as a continuation of the axis so that moving lines of force could not affect it. No results were obtained.
Charging of Condensers
A magnet was arranged to spin vertically, and a horizontal conductor, 4 ft. long, well insulated, was set up horizontally, one end being near to, but not actually touching, the magnet. The conductor could be moved so as to be opposite the equator or either pole of the magnet, and was broken at its mid-point for the insertion of a 1 • 11-/xF condenser. A switch enabled the condenser to be disconnected from the wire and connected across a galvanometer. A kick of the latter instrument was sought but was not found. A modification placed two condensers in parallel in the wire and discharged them in series across the galvanometer: this also gave no result.
The Thermionic Valve.
The grid of a thermionic valve was connected in the place of the condensers used as above, in an attempt to detect the charge. This, too, was unsuccessful.
Animal Organisms.
It was suggested that a certain animal organismParamecium-might be sensitive to the electrostatic charges supposed to exist on the magnet, but this was found to be incorrect. The organism was sensitive to current, but not to electrostatic pressures of the order expected.
(11) EFFECT OF AN EXTERNAL MAGNET AND OF A YOKE UPON THE ROTATING MAGNET OR SOLENOID
A cylindrical magnet was rotated rapidly at a constant speed between centres, and connections to the galvanometer were made at the equator and at one end. The usual deflection was obtained. A bar magnet of about the same dimensions as the spinning magnet was brought near to, and parallel with, the latter. It was observed that when the rotating and stationary magnets had their opposite poles in proximity, the galvanometer deflection was increased: conversely, when similar poles were adjacent, the deflection was diminished. The experiment was repeated with a rotating solenoid replacing the spinning magnet, with the same result. It was also found that a bar of soft iron brought up to the rotating solenoid or magnet increased the deflection of the galvanometer, though not to the same extent as the second magnet. The fitting of an iron yoke, which fjB * See Bibliography, (1), (5), and (6).
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provided a complete magnetic circuit of low reluctance, gave similar, though naturally greater, effects than the bar of soft iron (see Appendix, Section 17, and Fig. 12 ).
(12) TWO CO-AXIAL MAGNETS Two new, highly and symmetrically magnetized, cobalt-steel cylinders were obtained, accurately machined to 6 in. long and 1 in. diameter. One of these was suspended vertically by a long phosphor-bronze wire (cf. Fig. 9 ). A mirror attached to the magnet served to show any angular movement. The second was rotated vertically below, and co-axially with, the suspended magnet, the gap between the adjacent poles, which were of opposite sign, being £ in. A sheet of paper was introduced in the air-gap to prevent any air drag set up by one from affecting the other. With the magnets arranged with their poles in the sequence N, S, N, S, there was, of course, a strong longitudinal attraction between them. If the field thus produced had been in any sense attached to the molecules of the magnets, it would seem that rotation of the lower cylinder must have caused the upper one to rotate, but no such motion was ever detected, no matter which sequence of poles was used.
MIPPOP

Bake/ite Dashpot Celluloid Sheet
(13) SUSPENDED MAGNET AND ROTATING DISC The foregoing experiments suggest an absence of physical connection between the molecular structure of the magnet and the field of which it is the source. If, then, we consider Faraday's early experiment as illustrated in Fig. \{a) , we conclude that all mechanical forces consequent upon the motion of the disc in the field must be accompanied by reactions between the conductors, rather than between the conductors and the field. In other words, the use of the disc as a direct-current dynamo, with the stationary coaxial magnet as a field pole, will not set up a rotational torque upon the magnet. This was illustrated by the following experiment.
A cylindrical magnet, 6 in. long x 1 in. diameter, was suspended from a rigid support by means of a fine phosphor-bronze wire 4 ft. long. The magnet carried a mirror, and its lower end was immersed in oil, forming a dashpot. Coaxial with and below the magnet was a copper disc 6 in. diameter capable of being driven about its axis. A copper-gauze brush gave contact at its periphery, and an extension of its spindle vertically downwards into a mercury bath provided a connection to its centre. A celluloid sheet interposed between magnet and disc served to support the dashpot and to screen the magnet from air currents set up by the rotating disc. The arrangement is shown in Fig. 9 . Rotation of the disc, of course, set up currents in the circuit. It was important that the magnet and disc should be aligned accurately, since unless this is the case, the magnet will tend to move round bodily, as a conical pendulum, in the same direction as the disc. This alignment was arranged, and the disc was rotated, connections being taken from its centre and from its edge to the galvanometer. The resistance of the circuit from brush to brush through the disc was measured. Then, on driving the disc at a given speed, for each external resistance the current flowing could be measured, and it was an easy matter to calculate the electromagnetic torque set up, tending to retard the disc. The torsional resistance of the suspension of the magnet was determined by oscillation experiments and, assuming the electromagnetic torque to react upon the magnet, one could readily calculate for a known optical system the deflection of the spot of light (from the mirror on the magnet) which should occur for a given set of conditions.
A series of 3 tests gave calculated movements of the spot of light of 3-80, 13-91, and 17-47 mm. In no case was any movement detected. Finally, the disc was short-circuited and run at the highest speed possible. Calculation gave the deflection of the spot of light as 18-43 cm, yet again no deflection was registered.
(14) THE LAW OF ELECTROMAGNETIC INDUCTION
In the experiments hitherto described, except those of Section (9), the plane of the electric circuit has been purposely maintained parallel with the constant field. In the authors' view there was never any change of the magnetic flux linked with the circuit. Upon this matter, therefore, but as a side-issue, a short investigation was carried out. The question is whether a variation of flux enclosed by, or linked with, an electric circuit creates an e.m.f., or whether this e.m.f. requires an actual cutting of magnetic lines or tubes of induction. The view is. widely held that the two are practically identical, but that the former covers the latter case.
If c is the induced e.m.f., <D is the flux embraced by each turn, and N the number of turns in series, it is usual to write e = -dt Let <J> be constant, then the expression becomes Take now a cylindrical, symmetrically magnetized magnet, and connect one end of a long enamelled wire to the equator, the other end of this wire being connected to a galvanometer. Let a wire from one of the pivots, upon which the magnet revolves, to the other galvanometer terminal complete the circuit. If now the magnet is rotated, so that the wire is wound up into a coil on the equator, will the e.m.f. indicated in the galvanometer be different from that produced with a connection by means of a rubbing contact at the equator instead of that through the coil of wire? In other words, is any e.m.f. produced in the wire itself? The linkages of the wire with the flux in the magnet are certainly increased every time a turn of wire is added, and therefore there is a change in N.
The magnet used was 8f in. long and 0 • 650 in. diameter (Fig. 10) . A pulley was fitted, having a groove just wide enough to allow No. 30 S.W.G. enamelled copper wire to be wound on. The diameter at the bottom of the groove D Fig. 10 was 1 in. and at the top 3 in., and the pulley was fitted at the equator of the magnet.
The wire hung downward in a loop on which was suspended a jockey pulley, the free end being connected to a fixed terminal A. The grooved pulley (" 2 " in Fig. 10 ) was fixed to a brass sleeve fitting loosely round the magnet, the pulley end of the wire being soldered to the sleeve. The sleeve carried a driving pulley, and by loosening or tightening the clamping screw the grooved pulley " 2 " could be driven round with the magnet stationary or rotating with it. A series of 7 tests was carried out.
(i) If the wire were wound on to the pulley initially, by rotating the magnet continuously in one direction, it could be unwound and then wound up again in the opposite direction. There are obviously two ways in which the coil can be wound up in the first placeclockwise and anticlockwise. Starting unwinding from each of these conditions, the magnet and pulley "2" were rotated at a constant speed in the same direction, while the wire uncoiled and coiled up again, the galvanometer being connected to A and D. The deflection was almost unchanged throughout.
(ii) The e.m.f. in the magnet was then cut out by transferring one galvanometer connection from D to the gauze brush B and releasing the clamping screw. With the magnet stationary, the coil was unwound and wound up in both directions of rotation, and a very small deflection [l/20th of that observed in (i) for the same speed of rotation] appeared, increasing slightly as the diameter of the coil increased, and diminishing as the diameter diminished, indicating that the e.m.f. is discal, due to the brushing of flux by the equivalent radial conductor. The magnitude and direction of the e.m.f. was consistent with this. Identical results were obtained with the magnet and coil rotating together.
(iii) Fine-mesh silver chain was substituted for the insulated copper wire, and (i) was repeated, with the same results.
(iv) Again using the silver chain in the place of the enamelled copper wire, (ii) was repeated, with the same results.
(v) The grooved pulley "2" was removed and replaced by a copper disc If in. diameter (a compromise between the minimum and maximum diameter of the coil of wire) on which a copper-gauze brush rubbed. The galvanometer was connected to this brush and to D, and the magnet was rotated at the same speed as before. The galvanometer deflection was the same as when the pulley and wire (i) or pulley and chain (iii) were used.
These five tests prove conclusively that no e.m.f. is generated in the coil as it is wound on to the magnet. Test (i) alone shows this. In test (v) the e.m.f. is due to the cutting of the whole flux once per revolution. Consequently, if the addition of one turn threading the whole flux is equivalent to the cutting of the whole flux by a single conductor once (the rate of addition of turns being equal to the rate of cutting the flux, a condition which was fulfilled), then the e.m.f. generated in the coil in test (ii) should be equal to the e.m.f. in the magnet in test (v) at the same speed. The ratio was actually 2 to 40 divisions.
(vi) Brush B was placed on the magnet in the same position as when on the brass sleeve in tests (ii) and (iv), and a second brush was placed on the disc, replacing pulley " 2," the magnet being rotated at the same speed as before, and the galvanometer being connected to the two brushes. The same small e.m.f. as in (ii) and (iv) appeared, though it did not vary as it did with the wire and chain, since the diameter did not vary. This proves that no e.m.f. appearing in the coil is due to the increase or decrease of flux linkages of the coil. Test (iii), using silver chain, in which any e.m.f. due to change of flux linkage would short-circuit itself, further confirms this.
(vii) Pulley "2" was replaced at the equator, and pulley " i " was fitted. Experiments were made with enamelled wire and silver chain winding on to one pulley and off the other, and both winding or unwinding together. The galvanometer was connected to A and C. The pulleys were removed and two copper discs [as in test (v)] were fitted in their place, brushes rubbing on them being connected to the galvanometer. It was found that at the same speed all tests gave the same deflection, which confirmed the previous experiments.
It was afterwards ascertained that A. Blondel, in 1915,*
A MAGNET AND ON THE LAWS OF ELECTROMAGNETIC INDUCTION 480
had arrived at a similar conclusion, from experiments that were of the same character but less complete.
(15) CONCLUSIONS
The main object of these experiments was to make more precise Faraday's conception of the part played by the magnetic field in electromagnetic induction. He divided all such inductive effects into two classes, described respectively as " volta-electric "and" magnetoelectric." The former include those due to the change of a primary current, such as are applied in the transformer. The latter include the effects of relative motion between magnets and circuits, as exemplified in the dynamo. The results of the present investigation may be summarized as follows:-I. The experiments of Sections (1), (3), (5), (6), (9), and (14), all obey Faraday's law, as stated on page 481. None of these can be explained by the rate of change of induction through the circuit. None contributes anything to our knowledge as to the part of the circuit in which the e.m.f. is generated, since all are instances of relative motion and therefore also depend upon the position of the observer.
II. Sections (6) and (7) show the identity of behaviour of magnets and solenoids under the condition of axial spin, and lead subsequently to certain practical devices [Sections (16) , (17), and (18)].
III. Section (9) shows that under no circumstances can a spinning magnet induce currents in a closed circuit placed near to it.
IV. The experiments of Section (10) did not elucidate the electrostatic condition of a spinning magnet.
V. Section (11) seeks to eliminate the position of the observer by providing that the e.m.f. in a circuit of which a spinning magnet forms a part is increased or decreased by a corresponding change in the permeability of the medium that is stationary with respect to the circuit. The only simple explanation is that the e.m.f. is generated in the magnet and that therefore the flux of induction of a spinning magnet is not to be regarded as spinning with it. It is not denied that more complex explanations are possible.
VI. Section (12) disproves the statement often made in physics textbooks, that a magnet is made up of a large number of small magnets, each being the origin of an associated bundle of tubes of induction. No such segregation is conceivable. A cylindrical magnet spins as freely about its tubes as does a solenoid.
VII. Section (13) shows that in Faraday's original experiment [ Fig. l(a) ] the spin of the disc produces no reaction of the magnet about its axis. The disc and its associated circuit are acted upon by a pure couple about an axis in the plane of the coil and at right angles to the axis of the magnet. Any reaction upon the magnet will tend to turn it about its equator, but such effects must balance out if the current is symmetrically distributed throughout the disc. The path of the electrons across the disc relatively to the magnet is a spiral, since the spin of the disc does not increase the power loss for a given current, and therefore the electron flow in the disc must have an angular velocity equal to that of the disc. The same type of flow must occur in any metal disc which rotates while carrying current from its centre to its periphery, though no magnet be present. Measurement of this spiral effect may give a direct indication of the electron velocity in the metal for a given current, and experiments upon this point are proceeding.
VIII. When the plane of the electric circuit is parallel with the lines of induction, there is no force of translation upon the circuit as a whole. Therefore, no unipolar dynamo is possible without sliding contacts.
IX. Section (14) shows that when tubes of induction are linked without being cut, no e.m.f. results. It would seem therefrom that, as Faraday supposed, the " fluxcutting " rather than the " flux-linking " law is the more fundamental (see Conclusion I).
X. Section (17) (in the Appendix) confirms Section (11) in proving that in a permanent magnet the unvarying attribute is certainly not the induction.
XI. Section (18) extends Sections (2), (11), (13), and (16), and involves the converse of Faraday's rotating cylindrical magnet. The same arguments must apply here as in Conclusion VII. The angular velocity of the electrons forming the radial current must be the same as that of the magnet, and therefore the magnetic field must be relatively at rest or the appropriate motion between field and conductor would not exist. Since the view has been advanced [see Bibliography, (9)] that the torque in these experiments is due to the interaction of the field and current within the magnet, it is worth while remarking that, even if such were the case, the question as to whether the tubes of induction move with the metal of the magnet would be at once settled in the negative, as is shown in the letter to Nature [see Bibliography, (12)].
XII. Mathematically, the magnetic curves of a cylindrical magnet extend to infinity. If, then, the magnet turned on its axis at 100 r.p.s., and the curves moved with it, the velocity of the curves at a radius exceeding 300 miles would be greater than that of light.
XIII. From Conclusions V and XI it follows that there is a p.d. between the north (or south) magnetic pole of the earth and the equator of the order of 205 volts, but of course this cannot be measured without a conductor that is independent of the earth's rotation. Electrician, 1935, vol. 114, pp. 5 and 155. APPENDIX From the main investigation several practical applications arose which are briefly described below.
(16) Measurement of Flux in and around a Magnet or Solenoid If a cylindrical bar magnet is rotated about its own axis, and leads are taken to a galvanometer, one from a brush rubbing on the equator, and the other from one of the pivots upon which the magnet is spinning, a ready determination of the total flux in that magnet can be made; for, assuming the magnetization to be symmetrical, the maximum flux density in the steel occurs at the equator, and every line or tube of induction passing through the cross-section at the equator is cut once every time the magnet rotates. If the speed of rotation is known, the total flux is determined from the galvanometer reading of e.m.f. by the obvious relationship e.m.f. = r.p.s. x total flux x 10~8 volts.
Moreover, if the brush carrying the galvanometer lead is moved to different points along the magnet, at each point the flux measured by the e.m.f. detected between the rubbing brush and the pivot is the flux at the crosssection where the brush is placed [Section (7)]. The difference between the flux at any section and the maximum flux (at the equator) is the leakage flux which has become external to the magnet between that section and the equator. Thus by a simple process of plotting galvanometer deflection against distance of rubbing brush along the axis of the magnet, and re-scaling in terms of flux, it is possible to draw a graph of the distribution of leakage flux along the magnet, or, of course, in precisely the same way along a solenoid (Fig. 7) .
Suppose now that a disc is attached to the magnet, the plane of the disc being perpendicular to the axis of the magnet, and the disc and magnet being coaxial. First consider the case with the disc at the equator of the magnet. If the galvanometer leads are attached to two brushes, one of which rubs on this disc close up against the magnet, while the other can be moved along a radius, and if the disc is rotated, an e.m.f. will appear between the brushes, due to the leakage flux or flux in the air return path between the poles of the magnet, normal to the radius between the brushes. The e.m.f. will increase as the radius to the movable brush increases, and will be connected with the flux by the same expression as before. Thus by plotting the e.m.f. against radius, and re-scaling in terms of flux, the distribution of the return flux of the magnet may be determined over a distance fixed by the size of the disc. The simplest arrangement is to rotate disc and magnet together. The readings for a given speed of rotation of the disc are, we know, independent of whether the magnet rotates or not, and there is no difficulty in attaching the disc to a collar which can slide along the magnet and be locked to the latter at any point along its length. By this means the external flux distribution may be determined in planes perpendicular to the axis taken at any point along the magnet. An apparatus designed along these lines, constructed for the authors, may be used for tracing the curve both on the magnet and on the disc; it is shown in Fig. 11 . It was tested against the ordinary method of search coil and fluxmeter, and the differences found were 1 • 8 per cent.
The difficulty with this method of determining flux is that of measuring speed. If a form of suspended-coil permanent-magnet instrument without a controlling torque be used in place of the galvanometer, the necessity for measuring speed disappears, since the deflection is directly proportional to the flux cut, i.e. the flux is integrated as with a fluxmeter. All that is necessary is to Fig. 11 determine the number of revolutions, which is a verymuch easier matter than to read the speed of rotation: the instrument can be calibrated directly in terms of maxwell lines or tubes. The galvanometer used in conjunction with the apparatus in Fig. 11 was therefore replaced by a fluxmeter, and the arrangement was found to function perfectly. Starting from zero on the fluxmeter, with the fluxmeter leads connected to the brush on the equator of the magnet and to one pivot, the magnet was rotated a given number of times. After the fluxmeter deflection had been noted, the magnet was rotated the same number of revolutions in the opposite direction,, when the needle again read zero. It is suggested that an instrument similar to a fluxmeter, but cheaper, should be constructed and put upon the market for use in conjunction with the apparatus in Fig. 11 . Its sensitivity need not be so great as that of the Grassot fluxmeter, since the flux cut can be made as large as required by increasing the number of revolutions of the magnet.
(17) A Magnetic Tachometer, and possible Permeameter An effort was made to apply the axially spinning magnet to the development of a simple tachometer. The e.m.f. developed in such a magnet is directly proportional to the speed of rotation, but with a speed within practical limits, and with a normal intensity of magnetization, the e.m.f .'s are too small to be of use in a commercial indicating instrument. It was therefore decided to use a cast-iron yoke to provide both the magnetic path and the bearings for the magnet. InciFlg. 12 dentally, physicists seem to differ as to whether the provision of such a yoke does actually increase the flux; but the increased deflection obtained from the magnet when the yoke was provided proved that such was the case, as did, of course, the earlier experiments [Section (11)]. An insulated carbon brush connected to one terminal rubbed on the equator of the magnet, and the second terminal was attached to a point in the yoke (since the yoke is stationary, the exact point of attachment is immaterial). The arrangement is shown in Fig. 12 . Unfortunately, contact in the bearings proved so erratic that the idea was ultimately abandoned. The principle might conceivably be applied in the design of a permeameter.
(18) Suspended Magnet as a Galvanometer and
as an Oscillograph A symmetrical magnet suspended by means of a conducting fibre attached to its upper end, and provided with a contact at its equator, will be twisted upon its own axis when a current is led through it by means of the fibre and the equatorial contact. In the present experiments, at the outset the complete magnet-suspension assembly of Section (13) was used. An arm, attached to a brass ring pushed on to the magnet at its equator and dipping into an annular trough of mercury, provided the means of connection at the equator.
The mercury-trough contact, however, proved impracticable owing to surface-tension effects, and a length of fine silver wire was hung as freely as possible from the equator. The same oil dashpot as in Section (13) was used. A current of 25 mA gave 6 cm movement of the spot of light from the mirror, at a distance of 1 m. This served to show that the idea is at least feasible. Further experiments with a magnetized sewing needle suspended in a solution of copper sulphate were carried out. The zone of contact of the needle with the sulphate was defined by coating the lower part of the needle with paraffin wax. This arrangement gave a very satisfactory sensitivity, but, being suitable for direct current only, electrolytic effects occurred, rendering the arrangement impracticable.
The fact that the use of alternating current would obviate electrolytic effects suggested the use of the suspended needle as a simple form of oscillograph. The effect of a 30-cycle current upon the needle suspended in copper sulphate was investigated, and the needle was found to respond. The friction of the liquid, however, rendered the response sluggish, and investigations are now proceeding with an arrangement by which the current is led in through a bifilar suspension (in which the two fibros are at a slightly diverging angle) attached just above the centre of gravity of the needle (so that the latter will hang vertically) and out through a fine wire attached to the lower end of the needle. Preliminary tests show that this may be satisfactory.
The authors' thanks are due to Messrs. Philip Harris for making the model shown in Fig. 11 .
DISCUSSION ON "SOME INVESTIGATIONS ON THE AXIAL SPIN OF A MAGNET AND ON THE LAWS OF ELECTROMAGNETIC INDUCTION"*
Mr. W. Fordham Cooper (communicated):
It is undoubtedly of great value for such a careful search to have been made to determine whether any evidence can be found to justify the assumption of the rotation of a magnetic field about its axis. Such a search for error is analogous to Sir Oliver Lodge's " ether drift" experiments and to the Michelson-Morley experiment, all of which are important because no effect was found. Had the present authors detected a rotation of the lines of force, it would have been necessary to modify or supplement the equations of a magnetic field. The implication that such experiments can distinguish between the two statements of the law of induced e.m.f., i.e. the rate of change in total flux linkage of a closed circuit and the rate of flux cutting of an element, is not, however, justifiable. It is clear from the account of the experiExactly the same conditions will hold if the ring is attached at A' instead of at A. If, then, we replace OA' and the ring by a solid disc, we can consider the disc to be equivalent to the superposition of a large number of rings and spokes, one of which is shown in Fig. B with an indication of the current flow. The superposition of these rings and spokes will give a final pattern somewhat as indicated in Fig. C , the current being nearly radial at all points except near the rim.
It will be seen that the revolving disc is equivalent to an infinite number of circuits such as that shown in Fig. A . If the resistance of the external path OA is made high compared with that of the disc (e.g. by the use of a high-resistance voltmeter) the measured e.m.f. will be exactly equal to that derived from the diameter and speed of rotation of the disc, but any current will ments that the e.m.f. is easily calculable on the latter distribute itself across the disc according to Ohm's law. assumption from the speed of rotation. The following shows how this is directly equivalent to the rate of change of linkage. ABC (see Fig. A ) is a conductor ring with two conducting arms connecting the centre to the circumference, OA being fixed and OA' rotating. If the ring is placed in a uniform axial field, then, as A' rotates, the flux through OABA'O will increase and that through OACA'O decrease at exactly the same rate as the flux is cut by OA'. An e.m.f. proportional to the rate of flux-cutting is therefore set up along OA', and current will flow along OA' and divide and flow round the two circular arcs in inverse ratio to their resistances. Alternatively, we may consider that in each of the two closed circuits an e.m.f. is set up proportional to the rate of change of linkage, and that a current will flow equal to the e.m.f. divided by the total resistance of the circuit. Both calculations will give the same result. As A' passes round the circle the direction of the current at each point will be reversed, but the direction in AOA' will be constant.
• Paper by Prof. W. CRAMP and Dr. E. H. NORGROVK (see vol. 78, p. 481).
A similar analysis can be applied to any other case.
It may be said that there is an e.m.f. even when the circuit is incomplete (though it must be completed if it is to be measured by electrodynamic instruments), and that this case favours the " flux cutting " law. This is true as far as directly demonstrable results are concerned, but it has already been met by Maxwell, who assumed the circuit to be completed by the " displacement current," which again makes the two statements of the law mathematically equivalent, as. indeed they must be. The answer appears to be that there is no way of distinguishing between the two equivalent mathematical forms of the same generalization, and, though the cutting theory seems to be less " abstract," both depend on a fictitious though convenient description of magnetic fields as lines of force. In Gray's " Physics," vol. 1, the theory of gravitation is dealt with in the same manner, but no one now finds it necessary to picture the sun's gravitational field as a bundle of lines of force, the mathematically equivalent law of inverse squares being more convenient.
Mr. A. H. Finlay (communicated): This paper has been of considerable interest to me and I have not yet com-
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pleted its study. As a student I had visions of a commutatorless dynamo, and a few years later, nearly 40 years ago, I constructed one' to give about 12 volts at 1 000 r.p.m. The armature was of a double iron-disc type built up of 24 sections somewhat like a commutator; there were 12 positive and 12 negative slip-rings. May I suggest that further experiments be made with two cylindrical bar magnets end to end having two discs between them, all arranged about a common axis. The magnets and discs could be driven in either direction independently about their axis, and be electrically connected together near the axis. Any electromagnetic action on the leads (which would be twin or concentric), from the peripheries of the discs to the galvanometer, could thus be eliminated. If, as the authors contend, the magnetic flux of a cylindrical magnet remains stationary when the magnet is rotated about its axis, what do they consider to be the motion of the flux of such a magnet spinning at, say, half a right angle to its Another suggestion is to employ for further experiments two coaxial hollow cylindrical magnets of equal length and cross-sectional area, free to be driven in either direction (see Fig. D ). If electromagnets are employed, each cylinder can be provided with a coaxial coil fixed' to it and situated in the space between the two cylinders. If driven at equal speeds (r.p.m.) in opposite directions, there would be, I think, equal e.m.f .'s generated between the inside and outside of each cylinder, and these e.m.f.'s would be in the same direction at the middle. Sliding contacts would be necessary to connect the outside of the inner cylinder to the inside of the outer cylinder, and to connect the inside of the inner cylinder through a galvanometer to the outside of the outer cylinder. If the outer cylinder were fixed and the inner one rotated at twice the speed they were rotated at in opposite directions, the e.m.f. would remain as before, but how much would be generated in the moving cylinder and how much in the stationary one is not clear. I think they would still be equal, but to test this is difficult.
Another arrangement would be to place the rubbing contacts near the air-gap. This idea was embodied in my Patent Specification No. 23192 of 1897, one object being to neutralize any armature reaction.
As regards the necessity for cutting magnetic lines to generate an e.m.f., a helical coil could be slipped over a bar magnet without generating any e.m.f. in it, but it would have to be, as it were, screwed on, just as a corkscrew is driven into a cork.
With reference to Section (17) and Fig. 12 in the paper, as the magnet makes electrical contact with the yoke, and especially if such contact is over the whole length of the bearing, there will be eddy currents circulating in the magnet and yoke, i.e. along the magnet and back through the yoke at the bearing, when the magnet is caused to rotate. I suggest that the space between the magnet and yoke should be either an air-gap (other bearings being provided outside the yoke) or so well lubricated as to prevent any electrical contact between them, and that a rubbing contact should be applied to the end of the magnet outside the yoke, the circuit being completed through the yoke from the outside to the terminal provided on the inside of the yoke, as shown in Fig. 12 .
In conclusion, I should like to ask a fundamental question: Suppose that a cylindrical ring enclosing a long coaxial, stationary, straight rod carrying a constant direct current were moved along the axis; then an e.m.f. would be generated between the inside and the outside of the ring. Would a soft-iron ring generate a greater e.m.f. than, say, a copper one of the same size ?
Prof. G. W. O. Howe {communicated):
On page 482 (vol. 78) the following statement is made as to the object and scope of the paper: "experimental proofs are the only guide in such matters, and therefore, avoiding as far as possible disquisitions upon theory, the following experiments which they have recently carried out are put forward as evidence which will always be of use in any future discussion of the problem." If, however, the problem consists in finding an answer to a question which is, in reality, a meaningless form of words, no amount of experimenting, however carefully carried out, will be of any use in any present or future discussion, except in so far as the consistent failure of successive experiments to furnish an answer may lead the thoughtful reader to examine the assumptions underlying the question to which the experiments are expected to furnish an answer.
As long ago as 1915 I published a paper* entitled " Some problems of electromagnetic induction" in which, dealing with a cylindrical bar magnet spinning about its axis, I said " the magnetic field is certainly undergoing no change either in magnitude or direction. It may be objected that although there is no change in the strength and direction of the field, the lines of force may still be rotating around the axis of the magnet. This appears to imply that the lines of force have an individuality and are capable of being earmarked like vortex smoke rings in air." I concluded that " there can be no definite answer to the question whether or not the lines rotate with the magnet, because it has no definite meaning."
The space around a cylindrical uniformly-magnetized bar magnet is in a peculiar condition, which we refer to as a magnetic field. The strength and direction of this field can be determined at every point and can be • Electrician, 1915, vol. 76, p. 169. 346 DISCUSSION ON " SOME INVESTIGATIONS ON THE AXIAL SPIN OF A represented graphically by lines either actually drawn or -more . frequently-imagined. The number of such lines is purely arbitrary; one can draw-or imagine-a hundred, or a million, or a million million lines in any given case, but it is convenient to adopt the convention of assuming the number of lines per cm 2 at every point to be equal to the strength of the field at that point; one can then refer to the strength of the field as so many lines per cm 2 . It must not be forgotten, however, that one is then making use of a conventional method of drawing or imagining abstract geometrical conceptions. The temperature distribution around a cylindrical body heated at one end and cooled at the other can be similarly represented by lines of temperature gradient in the medium in which it is embedded. If, now, the bar magnet or hot cylinder is rotated, do the lines rotate with it ? That is the question which Prof. Cramp and Dr. Norgrove set out to determine in the case of the magnet, but it requires very little consideration to see that, as the rotation of the magnet or hot cylinder causes no change whatever in the magnetic or thermal condition of the surrounding space, it is meaningless to inquire whether the lines by which we represent this condition have rotated or not. If one cares to picture the lines as rotating around the magnet, even when the magnet is at rest, or as at rest when the magnet is rotating, one can do so, for since they are only geometrical abstractions, such assumptions can have no physical import and do not alter the fact that, whether the magnet is at rest or rotating, its magnetic field is undergoing no change whatever either in magnitude or in direction.
In the opening paragraph of their paper the authors repeat what I have already described as an unfair criticism of Faraday. After quoting Faraday they say " he gives no details of the position of his connections at all." Why should he, since they were in a magnetic field which was constant everywhere in magnitude and direction? Then the authors say "these words confirm the opinion that Faraday sup-. posed the magnetic curves to stand still when the magnet revolved, for only on those conditions could charges be produced on the magnet." This, in my opinion, is an unwarranted imposition of their own ideas on Faraday, as is also the statement that " this comment evidently implies a belief that the ' magnetic curves ' remain stationary while the magnet spins." Faraday was in the habit of stating his beliefs clearly, and there is no hint in the quotations given that Faraday attached any meaning to the rotation or non-rotation of a field which was undergoing no change.
Again, after admitting that " the alternative possibility of a flux of curves rotating with the magnet and of relative motion between them and the stationary connections is never mentioned by Faraday," it appears unfair to say, as the authors do on page 482, that Faraday inclined to the other view, thus suggesting that he had weighed them both up and hesitated between them.
It is convenient to picture the lines of force as at rest with regard to the observer-whether the magnet is spinning or not-and not to introduce any unnecessary movements, even if they be only postulated rotations of geometrical abstractions, since movement of a conductor in a magnetic field can then be expressed indiscriminately with reference either to the observer or to the lines of force. This is a mere convenience, making for simplicity of description and calculation, and does not involve any physical supposition. Faraday himself used this convention when he concluded that " whenever a closed conductor moves near a magnet in such a manner as to cut across the magnetic curves, an electric current flows in the conductor." This was, to Faraday, equivalent to specifying that the conductor must have a component of motion in a direction at right angles to the magnetic field.
The most fundamental question which arises out of the paper is the following: On page 482, in discussing the production of an e.m.f.,the authors say: " Shall we say that the revolving magnet cuts through its own stationary tubes or that these tubes rotate with the magnet and cut the stationary connections which complete the circuit ? " The very statement of this question involves the assumption of a new law of electromagnetic induction, which can be set out as follows:-A conductor at rest relatively to the observer in a magnetic field which is undergoing no change whatever either in magnitude or in direction can have an e.m.f. induced in it by the assumed movement of the geometrical conceptions-or arbitrary conventions, as the authors call them-known as magnetic curves.
It must be emphasized that the experiments were not designed to test the validity of this law, but that the law was assumed in designing the experiments to determine whether the magnetic curves rotate or not. If one does not assume this law, the question set themselves by the authors, and the experiments designed to answer it, become meaningless. In my opinion this assumed law is an unjustifiable addition to the teachings of Faraday and Maxwell. It is stated in the paper that " authors of repute contradict one another as to the view that the student should take." It would clarify the situation if the authors of the paper would give references to the works of any authors of repute who hold or teach this assumed law of electromagnetic induction, and, above all, if they can find any justification for it in the writings of Faraday or Maxwell.
Although it is 21 years since I published my first paper on this subject, I have never made a single experiment in connection with it because I have always maintained that such experiments are merely attempts to obtain from Nature an answer to a meaningless question. This is not to say, however, that my point of view is without experimental confirmation, for the paper by Prof. Cramp and Dr. Norgrove, with its inconclusive experiments and the former's admission that they have made about 50 experiments with the same result, must be regarded as experimental evidence that the object of their search has no real existence.
The experimental results obtained by the authors are all such as one would predict from the laws of electromagnetic induction as laid down by Faraday and Maxwell. I have discussed most of the experiments elsewhere at various times, assuming the experimental facts to be obvious, and showing that any surprise which the observer may feel at the result is due to some such
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347 misconception of the laws of electromagnetic induction as that which pervades the paper under discussion. The paper records several experiments which have not been previously published; these will be discussed fully elsewhere. In my opinion it might have been seen from the outset that they were not capable of furnishing an answer to the question propounded by the authors.
Prof. W. Cramp and Dr. E. H. Norgrove {in reply): We wish to thank Mr. Fordham Cooper for his appreciative comments. We are familiar with his analytical explanation of the disc, but we do not find it easy to accept for the following reason. If 6 is the angle between OA and OA' in Fig. A , and if the induction is normal to the ring, then when dd/dt is negative, the flux through the area OABA'O increases at the rate $(OA) 2 d9fdt. In Fig. C , however, where is the angle 6 ? We do not think that anyone knowing the behaviour of We have also been much interested in Mr. Finlay's designs for a commutatorless dynamo, but in connection with his proposed experiments we would say that there is no reason now to suppose that the position of the leads from the disc to the galvanometer has any effect upon the electromagnetic action.
The question that he raises concerning the motion of the magnetic flux due to a magnet revolving about an axis parallel to its own is one to which we have given attention. Our view is that the cylindrical magnet carries its magnetic effect about with it, and therefore, like a solenoid, establishes its magnetic circuit at each new position in space which it may occupy. (See footnote § on page 348.) We have also done some experiments with hollow cylindrical magnets and, while agreeing that the tests upon an apparatus like that shown in Fig. D would be interesting, we fear that the mechanical difficulties in the way of construction and arrangement are too great to make the experiment possible.
We agree with Mr. Finlay that at the bearing of Fig. 12 some eddy currents will exist and are difficult to avoid; we did, however, use the extra brush which Mr. Finlay suggests, working upon a brass slip-ring attached to the magnet. It can just be seen at the right-hand end in Fig. 12 .
In answer to his fundamental question, we are of the opinion that the cylindrical ring would have a greater e.m.f. if made of soft iron than if made of copper.
Prof. Howe makes two charges against us. The first is that we are endeavouring to find an answer to a meaningless question. If this question be put in another form, Prof. Howe may understand our position better. In a circuit of any kind where the existence of energy is manifested, it is reasonable to ask in what portion of the circuit the source of this energy lies. Thus, if an annulus has a current of fluid passing continuously round it, the engineer would be justified in asking where the propeller was situated and how driven. In the magnetic circuit, the ampere-turns of the exciting coil are regarded as the source of the flux of induction; in a simple electric circuit the position of the battery or generator is known. So too here, it is legitimate to ask whether the source of e.m.f. is in the magnet or in the external conductor. And since in this instance the generation of the e.m.f. is thought to be due to the relative motion of field and conductor, the foregoing question is tantamount to asking where this relative motion takes place. There are circuits so symmetrical that the e.m.f. and p.d. are everywhere uniformly distributed, but the cylindrical magnet with its external wire is surely not one of these.
Prof. Howe then charges us with unfairness towards Faraday. We yield to no man in our admiration of that great physicist, and if we have been unfair, it is due to the desire to reduce our paper to the smallest possible compass. The quotations were limited to the " Experimental Researches," vol. 1,* but our opinion of Faraday's views rests also upon the Diaries, e.g. Section 267, December, 1831.
We agree with Prof. Howe's statement of the fundamental question at issue, but if this involves (as he says) a new law of electromagnetic induction, then it is a law which must be ascribed to Faraday and not to us. For at Tynemouth in 1851 Faraday re-examined this whole question not once, but thrice, and he stated the problem with his usual clearness in the Diary of July 14, 1851. Under that date we read:-"11345. When the magnet is still and the wire is moving, it seems unlikely that the current should be generated anywhere else than in the moving wire; for its motion or quiescence makes all the difference. But then, when the magnet is moving, where is the current then generated ? In the wire across which the curves, that may be supposed to move with the magnet, are passing? Or in the magnet, which may be supposed to be moving (as the wire did) whilst the curves are considered as still ? Do the lines of force revolve with the magnet or do they not ?
It would seem from this work of 1851 that Faraday did not agree with Prof. Howe that " such experiments are merely attempts to obtain from Nature an answer to a meaningless question."
Prof. Howe also considers that Faraday could not be expected to give any details of the position of his connections. Faraday himself was not of this opinion, as will be seen from the Diary of July 12, 1851, when he took care to examine this question (see Section 11331). If we have been unfair to him, it is not in Prof. Howe's sense, but in limiting ourselves to quotations from the " Experimental Researches " of 1832. We think that anyone examining the Diary will see that our thoughts have run parallel to those of Faraday throughout, and that we have carried out our intention of extending his investigations.
Prof. Howe finally asks for information concerning writers of repute who have expressed conflicting views involving his new law of electromagnetic induction. We have shown that Faraday was one of these, but we DISCUSSION ON "INVESTIGATIONS ON THE AXIAL SPIN OF A MAGNET" may add that Steinmetz held that in an electrical circuit consisting of a cylindrical rotating magnet and stationary conductors the e.m.f. was generated in the magnet itself; Sir Oliver Lodge took-the opposite view; and Andrew Gray wrote " when the magnet moves, the field of force moves with it."
The references appropriate to these opinions are given in the paper, but our attention has recently been called to certain other papers, which, by confirming our own conclusions, leave no reasonable doubt that this " meaningless question "has now been solved. Among these are the experiments of Barnett,* of Kennard.f and of Pegram,J which are all consistent and show that the seat of the e.m.f. in unipolar machines is in the moving conductor and is independent of the rotation of the magnetic field. Pegram shows that this conclusion is in accord with the theory of relativity. Finally, John T. Tate § in an exhaustive theoretical investigation has reached the following conclusions:-" The electric field in the neighbourhood of any * Physical Review, 1912, vol. 35, p. 324; and Ser. 2,1913, vol. 2, p. 323. t Ibid., Ser. 2,1913, vol. 1, p\ 355; and Ser. 2, 1916 , vol. 7, p. 399. t Ibid., Ser. 2,1917 , vol. 10, p. 591. § Bulletin of the National Research Council, Dec. 1922 symmetrical magnetic system spinning about its axis of symmetry is accounted for by the Maxwell-Lorentz theory to an extent determined by the correctness of the assumptions which it is necessary to make. The field so calculated is in complete accord with all known experimental facts.
" A theory which postulates that the lines of magnetic induction rotate with the magnetic system gives incorrect results in general, but may be used to calculate the integrated value of the e.m.f. around a closed conducting circuit, part of which is rotating and part stationary.
" A theory which postulates that the lines of induction stand still while the magnetic system rotates through them will yield correct results if the magnetic system is a conductor, but incorrect results in general if it is a dielectric."
Since in the case of the spinning magnet examined by us the magnetic system was always a conductor, it will be seen that the theory of Tate confirms our experimental conclusions. We are not clear as to what is meant by a magnetic system which is a dielectric.
DISCUSSION ON "NOMOGRAMS IN ELECTRICAL ENGINEERING"*
Mr. G. S. J. Read (New Zealand) (communicated):
It is a pity that a larger proportion of engineers do not possess a working knowledge of nomograms, which, when once constructed, are simple to use, so that calculations formerly carried out by skilled and responsible persons can be safely delegated to unskilled subordinates. In other cases, where a large number of similar calculations are required for statistical returns, a great deal of time may be saved by their use. I had an instance of this where, for coal-consumption analysis of locomotive stock, a weekly return was instituted involving about 100 similar calculations to reduce the total coal consumption to lb, per engine-mile. The clerical staff in each district office were already fully employed and, as the return for each district took 7 hours to compile, they protested that the extra work involved was too great. A nomo-• Paper by Prof. R. O. KAPP (see vol. 78, p. 567, and vol. 79, p. 227). gram was devised, and the time taken was reduced to l£ hours. I feel sure that a good deal of the routine calculations carried out by statistical clerks could be eliminated if engineers would study the clerical problems and devise suitable nomograms. Their actual use is quickly learned by those who have no idea of the manner in which they are constructed. If a straight-edge is used, important figures are often obscured; a celluloid strip upon which is engraved a clear black line is therefore preferable. Prof. Kapp's paper should . go a great way in arousing interest in a subject which has been sparsely treated by English writers. It is in the main a product of French mathematical genius, and those who intend to study the subject more fully could not do better than refer to the works of D'Ocagne. It is to him that the name " nomogram " is due.
INTRODUCTION
Consider a cylindrical iron tube, Fig. 1 , moving concentrically along a straight conductor carrying a steady current. On the inner and outer surfaces of this tube rest fixed brushes which are connected by stationary wires to a galvanometer or voltmeter. Will the measured e.m.f. be independent of the permeability of the tube, or in other words will the e.m.f. be identical for similar tubes of iron and brass ? J The problem is interesting as an illustration of the correct method of applying two alternative theories of electromagnetic induction:-(A) The classical Maxwell-Lorentz theory of a fixed aether. For a closed conducting circuit it is well known that the aether (and all magnetic fields) may be taken as being stationary relative to the observer who applies the theory.
(B) The " moving field " theory, in which it is postulated that a magnet or current-circuit (the " primary " ) , moving with velocity v relative to a body, induces an electric intensity £ = B o X v at a point in the body, where B o is the component of the flux-density at the point contributed by the primary. In general, if the body is magnetic, the resultant flux density at a point in it may be expressed by B = B o + B$, where B o is the component due to external magnets or current-circuits and Bj is the component contributed by the magnetic atoms in the body. B o is to be taken as sharing the motion of its source (or if due to various sources moving with different velocities the components of B o share the velocities of the sources of these components), while Bj is to be taken as sharing the motion of the magnetic body. In this theory all magnetic fields are regarded as being due to electric * The Papers Committee invite written communications, for consideration with a view to publication, on papers published in the Journal, without being read at a meeting. Communications (except those from abroad) should reach the Secretary of The Institution not later than one month after publication of the paper to which they relate.
t University of Alberta. J The problem was suggested as a fundamental experiment by A. H. FINLAY (Journal J.E.E., 1936, vol. 79, p. 344) in the discussion of the paper "Some Investigations on the Axial Spin of a Magnet," by W. CRAMP and E. H. NORGROVE (ibid., 1930, vol. 78, p. 481). currents (moving charges), and free magnetic poles are not considered to exist. Bj is a function of B o , together with the shape and magnetic properties of the body, and except in certain simple cases is difficult to calculate.
Further, if the magnetomotive force of the primary is changing, resulting in a changing magnetic field relative to the primary, a " transformer " e.m.f. is also induced which for a closed secondary circuit is given by e = -N Tit the induced electric field at a point in the secondary being where A is the vector potential at the point, both e and £. being calculated by considering the primary circuit to be momentarily at rest relative to the secondary. This theory differentiates clearly between " motional " and " transformer " induction, the former being caused by relative motion between a conductor and magnets or current-circuits, while the latter is due to changing currents. The Maxwell-Lorentz theory, as the present problem shows, does not make a similar distinction.
According to the Maxwell-Lorentz theory, in order to calculate the e.m.f. induced in the closed circuit of Fig. 1 we must consider two effects:-(1) The motion of the iron tube through the total or resultant magnetic field, B, in its interior. This will result in a motional component of e.m.f. proportional to Bv, or B Q fxv, where B o is the magnetic field when [A = 1, [x is the permeability of the iron, and v is the velocity of the tube.
(2) The rise of the magnetic field in the space through which the top of the tube travels, in a short time Bt, as it moves into the voltmeter circuit will induce an e.m.f. in the closed circuit equal to the rate at which the flux, in this space increases. That is," it will result in a " transformer "• -component of e.m.f. proportional to Bil jv in a direction opposite to the first component of e.m.f. The e.m.f. measured will therefore be proportional to BQV, and will be independent of the permeability of the moving tube.
By the moving-field theory, however, the tube is to be taken as moving through B o , the stationary field of the stationary axial wire, only, and the field Bi = (JX -1)B Q of the iron atoms is to be taken as [315] CULLWICK: AN EXPERIMENT ON moving with the tube. On account of the symmetry the field 2?. $ is confined to the interior of the tube, and hence cannot induce any e.m.f. in the stationary leads. Further, since no currents are changing in the primary circuit, there is no " transformer " component of e.m.f. Hence the measured e.m.f. is seen immediately to be proportional, to B o v. Now let an observer who travels with the tube calculate the e.m.f. by each theory in turn. If he uses the Maxwell-Lorentz theory, then he takes the magnetic field of the conductor as stationary relative to himself, and he finds the e.m.f. to be due to the motion of brushes, leads, and voltmeter, through this field. In other words, the physical phenomena, though leading to the same result, appear totally different to the two observers. Hr*i t, Fig. 1 On the other hand, if the moving observer applies the moving-field theory, he accepts the motion of the field J5Q relative to himself, and finds the e.m.f. to be induced in the tube by this moving field. Thus the movingfield theory, as applied by different observers, gives a definite and unambiguous answer as to the " seat" of the induced e.m.f.; the Maxwell-Lorentz theory, however, is ambiguous, for the seat of the e.m.f. depends upon the motion of the particular observer who applies the theory.
It therefore appears that the moving-field theory is more in keeping with the principle of the restricted theory of relativity than the Maxwell-Lorentz theory.
Although both the moving-field and Maxwell-Lorentz theories, properly applied, are thus seen to lead to the same result, it appeared that, owing to the existence of a certain amount of confusion and disagreement about' the correct statement of the laws of electromagnetic induction, a direct appeal to experiment might be of some interest.
METHOD OF MEASUREMENT
If / is the steady current in the axial wire, v the velocity of the tube, r x and r 2 the inner and outer radii of the tube, the e.m.f. in the voltmeter circuit is, by either theory, E = 2Iv log e -(absolute c.g.s.) and I the length of travel of the cylinder while in contact with the brushes. Then, if we neglect the inductance of the circuit (i.e. if we assume that the current reaches its steady value, in the closed circuit, in an indefinitely short interval of time), the quantity of electricity passing through the circuit in the time Bt, during which the circuit is closed, will be R But v = Ijht, so that which is independent of the velocity, v, of the cylinder. If the time St is appropriately short, a ballistic galvanometer can be used to measure Q.
DESCRIPTION OF THE APPARATUS
A straight insulated copper wire (A, Fig. 2 ) was located inside a vertical brass tube B of £ in. outside diameter.
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Two cylinders, D, were constructed, one of cast brass and one of mild steel, each with an axial hole of diameter sufficient to allow the cylinder to .slide freely along the tube, at the same time maintaining electrical contact. In order to prevent thermal e.m.f.'s due to frictional heating of the iron-brass contacts, the iron cylinder was fitted with a brass bushing, E, f in. external diameter, and strips of sheet brass, F, 1 in. wide were soldered on the outside of both cylinders, thus maintaining the outer dimensions of the two cylinders, and hence the value of I, as similar as possible.
The outer diameter of each cylinder was 3 • 343 in. without the strips, the diametrical distance between the outer surfaces of the strips F being 3 • 393 in. for the iron, cylinder, and 3-397 in. for the brass cylinder. The diameter of the.axial hole was 0*254in. for the iron, and 0-260 in. for the brass cylinder. Each cylinder was 6-62 in. long.
During its travel, the cylinder made contact with two spring-brass brushes, H, arranged diametrically opposite each other and electrically connected, while the brass tube provided the sliding contact with the inner surface of the cylinder. A retaining device J was arranged to hold the cylinder when it had reached the top of its travel.
The ballistic galvanometer was connected to the terminals K by means of twisted lamp-cord. One of these terminals was connected to the brushes H, while the other, by means of a heavy brass strip L, was connected to the upper end of the brass tube.
APPROXIMATE CALCULATED VALUE OF THE EFFECT For the iron cylinder r^r x was 13-36 so that, for a velocity of about 0-6 metre per sec. the induced e.m.f. should be about 3-11 X 10~7/, where / is the current (amperes) in the axial wire. The highest value of I used was 90 A, giving about 28 [xV.
The length of travel of the cylinder while in contact with the brushes was 19-5 cm.. The resistance of the circuit, R, was 51-3 ohms, so that, from (2), Q = 1-970 X 10-9 /coulomb If I -90, Q = 0-1773 micro-coulomb. The galvanometer sensitivity was 0-011 microcoulomb per mm. at 1 m. scale distance; the scale was 1 • 89 m. from the mirror, so that a current of 90 amp. should produce an undamped swing of 3-05 cm.' Thedamping factor was found to be 1-04, so that the first swing should be 2-93 cm.
This calculation is based on the assumption that the current in the galvanometer circuit rises instantaneously to its steady value as soon as contact is made. Owing to the inductance of the circuit this is not strictly true, and as the current falls suddenly when contact is broken the experimental readings would be expected to be smaller than the calculated value. Since the purpose of the experiment was comparison only, ,it was not thought necessary to calculate this effect.
The time of contact was of the order of 0-25 sec, and as the period of the galvanometer was 25 sec. no appreciable error arose from assuming the swing to be truly ballistic.
EXPERIMENTAL RESULTS
Final readings were taken after eliminating some troublesome thermo-electric e.m.f.'s. It was found from preliminary tests that consistent results could be obtained by operating the cylinder by hand, readings being taken for both up and down movements. Under conditions of equal temperature everywhere, runs taken with no current in the axial wire gave zero deflection for each cylinder, thus confirming Hering's experiment,* but after the current had heated the brass tube deflections were obtained under zero-current conditions. To prevent variation of this effect a regular procedure of taking the runs was adopted. The deflections for such thermal e.m.f.'s were always OD the red side of the scale.
No difference, between " cylinder up " and " cylinder down " readings could be detected, the readings for a given value and direction of current being equally divided between up and down movements, though of course these readings occurred on different sides of the scale zero. Approximately equal numbers of readings were taken for each direction of current in the axial wire.
The following were the final results, the brass cylinder readings being corrected to allow for the small differences in the inner and outer radii of the two cylinders. The readings are from 6 to 6 | % lower than the theoretical value, and this is probably caused chiefly by the effect of the inductance of the circuit, and partly by slight errors in the measured values of I, I, and R. Although the above results are conclusive, the experiment does not provide a means of proving either the Maxwell-Lorentz theory or the moving-field theory to be incorrect. Its value lies in settling any possible difference of opinion as to the result, in showing the superior simplicity of the moving-field theory, and in demonstrating the correct method of applying the two theories.
Iron cylinder Brass cylinder
• C. HERING: Transactions of theAmerican I.E.E., 1908 , vol. 27, p. 1341 and Electrician, 1915, vol. 75, p. 599. 
